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Quantum correlations are critical to our understanding
of nature, with far-reaching technological[1–4] and fun-
damental impact. These often manifest as violations of
Bell’s inequalities[5–8], bounds derived from the assump-
tions of locality and realism, concepts integral to classi-
cal physics. Many tests of Bell’s inequalities have studied
pairs of correlated particles; however, the immense inter-
est in multi-particle quantum correlations is driving the
experimental frontier to test systems beyond just pairs.
All experimental violations of Bell’s inequalities to date
require supplementary assumptions, opening the results
to one or more loopholes, the closing of which is one of
the most important challenges in quantum science. In-
dividual loopholes have been closed in experiments with
pairs of particles[9–14] and a very recent result closed the
detection loophole in a six ion experiment[15]. No ex-
periment thus far has closed the locality loopholes with
three or more particles. Here, we distribute three-photon
Greenberger-Horne-Zeilinger entangled states[16] using
optical fibre and free-space links to independent measure-
ment stations. The measured correlations constitute a test
of Mermin’s inequality[17] while closing both the locality
and related freedom-of-choice loopholes due to our experi-
mental configuration and timing. We measured a Mermin
parameter of 2.77 ± 0.08, violating the inequality bound
of 2 by over 9 standard deviations, with minimum toler-
ances for the locality and freedom-of-choice loopholes of
264 ± 28 ns and 304 ± 25 ns, respectively. These results
represent a significant advance towards definitive tests of
the foundations of quantum mechanics[18] and practical
multi-party quantum communications protocols[19].
In his breakthrough work, John Bell[5] derived upper
bounds on the strength of correlations exhibited by local hid-
den variable (LHV) theories, very general models of nature in
which measurement outcomes in one region of space are in-
dependent of the events in other space-like separated regions.
Quantum mechanical correlations can violate these bounds.
Greenberger, Horne, and Zeilinger (GHZ) extended Bell’s ar-
gument to the scenario with three-particle entangled states,
and showed they could manifest violations of local realism in
a fundamentally different way[16, 20]. The GHZ argument
was converted into the form of an inequality by Mermin[17]
which we experimentally tested.
An ideal Bell inequality experiment requires separating
two or more particles by a large distance and making high-
efficiency local measurements on those particles using ran-
domly chosen settings and comparing these results[21, 22].
The first Bell inequality tests were carried out using two-
photon cascades in atomic systems[7, 8]. Mermin’s inequality
was violated using three-photon entanglement from a para-
metric down-conversion source[23]. However, these and the
many other Bell experiments that followed are subject to one
or more loopholes that could, in principle, be exploited to
yield a violation even though nature is in fact describable by
an LHV model. The detection loophole concerns LHV models
which take advantage of low detection efficiency[22]; it has
been closed for two-particle Bell inequalities in ion trap and
photon experiments[9–11] as well as a six ion experiment[15].
Those experiments that do not close this loophole must ap-
peal to the fair-sampling assumption: properties of the sub-
set of particles that are measured are representative of all
the particles. The locality loophole (L) exploits configura-
tions where the choice of measurement settings and measure-
ment outcomes at the distant locations are not causally discon-
nected, i.e., not outside each others’ forward and backward
light cones. This loophole has been closed for two-particle
Bell inequalities in photon experiments[12–14]. The freedom-
of-choice loophole (FoC) exploits arrangements where the
choice of measurement settings is not causally disconnected
from the source. This loophole was recently identified and
closed using photons[14]. A loophole-free Bell inequality test
has yet to be performed.
No attempts have been made to close locality loopholes
in Bell experiments involving three or more particles[23–25].
The primary reason for this is source brightness. While entan-
gled photon pairs have been generated and detected at rates in
excess of 1 MHz[26, 27] entangled photon triplets have only
been observed at rates on the order of Hz[28, 29], necessitat-
ing long measurement times. In addition, further experimental
challenges include high sensitivity to loss, causality relations
requiring a complex experimental setup, and demanding sta-
bility.
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2FIG. 1. Experimental setup. The down-conversion (SPDC) source of triggered three-photon GHZ states and Alice were located in the RAC
building. Two of the entangled photons were sent to the roof through optical fibers and transmitted to trailers, Bob and Charlie, through
free-space optical links. Bob and Charlie were 801 m and 721 m away from the source, respectively; the optical links used to send their
photons were 772 m and 686 m long, respectively. Bob and Charlie measured their photon polarizations in one of two bases, determined by
co-located QRNGs and fast Pockels cells, and recorded measurement values using time-tagging electronics. A third trailer, Randy 446 m from
the source, contained a QRNG which sent random bits to Alice over a 425 m RF link determining the setting of Alice’s Pockels cell. Randy
contained time-tagging electronics to record the output of the QRNG for comparison with Alice’s record. Alice’s photon was delayed in a fiber
spool before its polarization was measured and the result recorded using time-tagging electronics. Half-wave plate (HWP); quarter-wave plate
(QWP); polarizing beam-splitter (PBS); avalanche photo-diode (APD); single-mode fibre (SMF).
Here we have overcome these challenges and report the ex-
perimental violation of the three-particle Mermin’s inequal-
ity closing both the locality and freedom-of-choice loopholes,
having to make only the fair-sampling assumption. We cre-
ated three-photon polarization-entangled states and sent two
of the photons to different distant locations. The correla-
tions were extracted from measurements of each photon po-
larization using randomly chosen settings. Our comprehen-
sive analysis of the space-time arrangement of the experiment
establishes independence of the important events.
Mermin considered a scenario where three particles were
measured at stations which we call Alice, Bob, and Charlie.
Each particle was measured by a device with two settings, e.g.
a and a′ for the device at Alice, and two outcomes, +1 and
−1. The correlation, E, in the outcomes for the settings a, b,
and c is defined as E(a,b, c) = P+ − P−, where P+ (P−)
is the probability that the product of the outcomes is +1 (−1).
LHV theories must obey Mermin’s inequality[17],
M = |E(a,b, c)− E(a,b′, c′)
−E(a′,b, c′)− E(a′,b′, c)| ≤ 2, (1)
where M is the Mermin parameter.
Mermin’s inequality can be maximally violated using three-
particle GHZ states encoded, for example, in photon polariza-
tion,
|GHZ〉 = 1√
2
(|HHH〉 − i|VVV〉) , (2)
where |H〉 and |V〉 represent horizontal and vertical polariza-
tions respectively. We define the diagonal/antidiagonal (D/A)
states as |D〉 = 1√
2
(|H〉 + |V〉) and |A〉 = 1√
2
(|H〉 − |V〉),
and right/left (R/L) states as |R〉 = 1√
2
(|H〉 + i|V〉) and
|L〉 = 1√
2
(|H〉 − i|V〉). When we measure |D〉 or |R〉, we
assign the outcome +1; when we measure |A〉 or |L〉, we as-
sign−1. If we measure in theR/L basis for settings a, b, and
c and in the D/A basis for setting a′, b′, and c′ then quantum
theory predicts a Mermin parameter of 4, the maximum vio-
lation of the inequality.
Our experimental configuration is shown in Fig. 1. The en-
tangled photon source was located in a laboratory in the Re-
search Advancement Centre (RAC) building. The source pro-
3duced three-photon entangled states and a fourth trigger pho-
ton which was detected locally. The four-photon coincidence
rate was 39 Hz, measured at the source. Photons from the en-
tangled state were sent to three measurement stations, Alice,
Bob, and Charlie. Photons were distributed to Bob and Char-
lie, located in trailers approximately 801 m west and 721 m
northwest of the source, via free-space links. Alice was co-
located with the source, and her photon was delayed in an op-
tical fibre. The measurement basis choice for Alice was made
by a fourth party, Randy, located in a trailer 446 m east of the
source. Each receiver measured the polarization in one of two
bases, chosen by a fast quantum random number generator
(QRNG)[30]. All single-photon detection events and Randy’s
QRNG results were recorded using time-tagging electronics.
For more details refer to the Supplementary Information.
To test Mermin’s inequality, we recorded time-tags for 1 hr
19 min, while the receivers measured either in the R/L or
D/A bases. Over this time the free-space link efficiencies av-
eraged 33% and 32% to Bob and Charlie, respectively; the
long fibre efficiency at Alice was 14%. Once the experi-
ment was completed, we extracted all four-fold events using
a 3 ns coincidence window. This yielded 2,472 four-fold co-
incidence events, corresponding to an average rate of 0.5 Hz.
The raw counts for each polarization setting are given in the
Supplementary Information. Fig. 2 shows the measured corre-
lations which constitutes a Mermin parameter of 2.77± 0.08,
where the uncertainty is based on Poissonian count statis-
tics. These results significantly violate Mermin’s inequality
by over 9σ. Furthermore, for the measurement settings which
we employed, our violation of Mermin’s inequality shows that
our state was genuine tripartite entangled[31].
We performed additional tests of Mermin’s inequality with
different phase settings in the GHZ state; in all cases we mea-
sured a significant violation and the correlations depended on
the phase as expected. The results are described in the Sup-
plementary Information.
The timing and layout of the experiment are both critical
for closing the locality and freedom-of-choice loopholes. The
space-time analysis of our setup includes: the locations of the
components, measured delays, delays inferred from distance
measurements, autocorrelation times of the QRNGs, and the
asynchronous QRNG sampling. This analysis is summarized
in Fig. 3 and fully detailed in the Supplementary Information.
In Fig. 3 (a) the distances and angles from the Source/Alice to
Bob, Charlie, and Randy are shown. Note that Fig. 1 shows
the free-space optical link distances whereas Fig. 3 shows the
straight-line distances between the source and stations.
The space-time description of the experiment is inherently
3+1-dimensional, however we can extract all relevant infor-
mation from six 2-dimensional slices, one for each pair of
locations, shown in Fig. 3 (b)–(e). All times and positions
are given in the laboratory frame of reference. For compact-
ness, Fig. 3 (b) and (d) each depict two 2D slices, however,
since the locations are non-collinear the two halves of the di-
agram (positive and negative position) should be interpreted
independently.
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FIG. 2. Experimentally measured three-photon polarization corre-
lations. The analyzers were set to the R/L basis for settings a,
b, and c and the D/A basis for settings a′, b′, and c′. During
a 1 hr 19 min experiment, we measured 2,472 four-fold coin-
cidence events of which 1,232 were used to extract correlations
for a test of Mermin’s inequality. The measured correlations were
E(a,b, c) = 0.689 ± 0.040, E(a,b′, c′) = −0.710 ± 0.042,
E(a′,b, c′) = −0.718±0.038, andE(a′,b′, c) = −0.655±0.044
yielding a Mermin parameter of 2.77± 0.08 violating the local hid-
den variable bound of 2 by over 9σ. Error bars represent one standard
deviation based on Poisson statistics.
For example, in Fig. 3 (b), the GHZ state is produced at the
origin and labelled State creation. The red diagonal lines em-
anating from the origin define the past and future light cones
of the source production event. Those events on or above the
future light cone could be causally influenced by the source
according to special relativity, while those events on or below
the past light cone could causally influence the source. Those
events outside the light cones of the source are independent
and cannot influence nor be influenced by the source.
Now consider the right half of Fig. 3 (b), describing events
relevant to the Source/Alice and Bob. Bob’s events take place
at his position 801 m from the source. The photon arrives at
Bob’s Pockels cell at time t = 3032 ns. We consider the mea-
surement to be complete when the photon detection event is
stored in the memory of the time-tagging electronics; adding
the optical and electronic delays, the measurement at Bob oc-
curs at t = 3079± 24 ns and is labelled Bob measurement.
We consider the random number generated in the QRNG
when a photon from a light-emitting diode (LED) hits the
beamsplitter inside the device. The latest time that the QRNG
output could determine the measurement setting for his re-
ceived photon is 665 ns before the photon passes through the
PC (i.e., at t = 2367 ns); this is labelled Bob basis late. This
event occurs 304 ± 25 ns outside the source light cone, thus
satisfying the FoC condition in this case. The earliest time at
which the QRNG determines the setting is 1200 ns earlier at
t = 1167 ns, which includes 1000 ns for asynchronous sam-
pling of the QRNGs, and 200 ns for the QRNG autocorrela-
tion, and is labelled Bob basis early. Alice is co-located with
the source at position 0 m and her measurement labelled Alice
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FIG. 3. Space-time analysis of the experiment. (a) Simplified layout of the experiment showing the Euclidean distances and angles between
locations. (b)–(e) Six 2D space-time diagrams, one for each pair of locations, which fully describe the relationship between important events
in the experiment in the lab frame, namely the entangled photon creation event labelled State creation, choices of measurement bases, and the
measurements themselves. The insets show the relevant locations for each panel. The earliest and latest times at which Bob’s measurement
basis could have been selected are labelled Bob basis early and Bob basis late, respectively. Labelling at Randy and Charlie follow this
convention. The event corresponding to the measurement of a photon from the source at Bob is labelled Bob measurement, similarly for Alice
and Charlie. The light-cones for the important events are shown as diagonal lines and shaded regions for Source/Alice (red), Bob (green),
Charlie (blue), and Randy (orange). Red vertical arrows indicate tolerances for the freedom-of-choice (FoC) and locality (L) conditions. The
minimum tolerance for the FoC is 304± 25 ns as seen in panel (b) and the minimum for the locality condition is 264± 28 ns as seen in panel
(d), indicating that both conditions are met by a significant margin.
measurement occurs at t = 2926 ns. This event is 911±42 ns
outside the light cone (green line) of the earliest basis setting
at Bob, satisfying the locality condition here.
We summarize results for the other five slices shown in
Fig. 3 (b)–(e), with labels defined using the same convention.
In all cases, the basis choice is made outside the light cone
from the source creation event by at least 304 ± 25 ns ensur-
ing the FoC loophole is closed. The measurement at any loca-
tion is completed outside the light cone of the earliest possible
basis choice at each other location by at least 264± 28 ns en-
suring the locality loophole is closed.
To test if the observed correlations depend on fast random
switching, we performed an additional experiment comparing
the case of the measurement bases selection by QRNGs to the
case where they were deterministically selected with 500 kHz
periodic signals from function generators. Mermin’s inequal-
ity was violated in both cases indicating no significant dif-
ference between deterministic and random switching. These
results are in the Supplementary Information.
Our results suggest several interesting avenues for future
research, such as extending the setup to close the local-
ity loopholes for Mermin inequalities with larger numbers
5of particles, testing more general non-local hidden-variable
models[32], and studying the improvements in source tech-
nology and link efficiency required to perform a loophole-free
Mermin inequality. Our setup yielded a Mermin parameter
only slightly reduced from that estimated from quantum state
tomography measured directly at the source, demonstrating
that multi-photon entanglement was distributed with high fi-
delity. Our experiment is thus an exciting new platform for
multi-party quantum communications protocols[19].
SUPPLEMENTARY INFORMATION: EXPERIMENTAL
THREE-PARTICLE QUANTUM NONLOCALITY UNDER
STRICT LOCALITY CONDITIONS
METHODS
We produced two sets of photon pairs with wavelengths
of 790 nm using spontaneous parametric down-conversion
(SPDC) from two consecutive sources pumped by a pulsed
laser. Combining one photon from each pair in a linear op-
tics setup, we produced three-photon polarization-entangled
GHZ states in modes a, b, and c with a trigger photon in mode
t, and coupled each photon into single-mode fiber. Locally,
we measured singles rates of 576 kHz, 386 kHz, 417 kHz,
and 476 kHz for modes a, b, c, and t respectively, and a
four-fold coincidence rate of 39 Hz by connecting the short
fibers directly to the avalanche photodiode (APD) detectors.
From quantum state tomography [33], our source fidelity was
(82.9±0.3)% with the target GHZ state. Based on this recon-
struction, the maximum Mermin parameter wasM = 3.08 for
optimal measurements.
The photons from the source were distributed to the mea-
surement stations. The trigger photon was connected via a
2 m optical fiber directly to a detector. The photon in mode a
was connected to a 580 m fiber spool followed by a receiver
located on the source optical table. The photons in modes b
and c were sent through two 85 m fibers to separate sending
telescopes inside a dome on the RAC rooftop and transmitted
over 772 m and 686 m free-space links to receiver telescopes
at Bob and Charlie, respectively. Each receiver at Alice, Bob,
and Charlie measured the polarization of the photons in one
of two bases. Each basis choice was determined by a quan-
tum random number generator (QRNG) [30]. In each QRNG,
photons from a light emitting diode (LED) light were detected
by one of two photon counters after a beamsplitter, resulting
in random bits then sampled at a rate of 1 MHz; these bits
controlled a Pockels cell (PC) thereby determining the polar-
ization measurement. At Bob and Charlie, the QRNGs were
co-located with the receivers. In Alice’s case, basis choices
were determined by the QRNG at Randy, sent to Alice via
a 425 m radio-frequency (RF) link to a receiver outside the
RAC building. All detection events and QRNG outputs were
recorded at each station using time-tagging electronics with
a precision of 156.25 ps, referenced using a 10 MHz clock
from GPS units.
The receivers were initially set to measure either the H/V
or R/L bases depending on the QRNG setting. In a night-
time experiment, we aligned the free-space links using visible
and infrared laser diodes. We ensured horizontal and vertical
polarizations were faithfully transmitted by adjusting polar-
ization controllers on local count rates at each station. In the
ideal case, this ensured the receivers measured a state of the
form of Eq. 2, up to a relative phase. Setting this phase was
more difficult as it is a global property of the GHZ state and
cannot be fixed by observing local counts. Therefore we mea-
sured four-photon coincidences between trigger, Alice, Bob,
and Charlie in real time. All time-tags were sent to the com-
puter at RAC over the Internet. Incorporating the delays in
the experiment, custom software found four-photon detection
events for each combination of polarizations and calculated
the polarization correlations. The relative phase in the GHZ
state was set by tilting a quarter-wave plate (QWP) in mode c
to maximize the four-fold rates for triggered |RRR〉, |RLL〉,
|LRL〉, and |LLR〉 events. Ideally, this procedure prepared
the state in Eq. 2.
To test Mermin’s inequality, we rotated the QWP in front
of the Pockels cell in each receiver from 0◦ to 45◦ so that the
receivers measured either in the R/L or D/A bases. Over
the course of the 1 hr 19 min experiment, Alice, Bob, and
Charlie averaged single-photon detection rates of 78 kHz,
126 kHz, and 131 kHz, respectively with an average trigger
rate of 505 kHz, giving a four-fold coincidence rate of 0.5 Hz.
From these numbers we find that the free-space link efficien-
cies averaged 33% and 32% for Bob and Charlie, respectively,
and the long fiber efficiency at Alice was 14%.
DETAILED EXPERIMENTAL DESCRIPTION
Source of Three-Photon GHZ States
Our source of triggered three-photon GHZ states was based
on two consecutive spontaneous parametric down-conversion
(SPDC) sources and an interferometer [35], as shown in
Fig. 4. The two sources were pumped with a pulsed ti-
tanium:sapphire laser (Spectra Physics Tsunami HP, repeti-
tion rate 80 MHz, average power 2.5 W, center wavelength
790 nm, and bandwidth 11.7 nm, FWHM) which was fre-
quency doubled in a bismuth borate (BiBO) crystal to 395 nm
(bandwidth 1.75 nm, and average power 810 mW). The
first source (SPDC1) was pumped directly with the hori-
zontally polarized (|H〉) up-converted beam focused onto a
1 mm thick β-barium borate (β-BBO) crystal cut for type-I
non-collinear degenerate SPDC in order to produce vertically-
polarized photon pairs at a wavelength of 790 nm. One of the
photons, labeled t for “trigger”, passed through a polarizer and
an interference filter (center wavelength 790 nm, bandwidth
3 nm), before being coupled into a single-mode fiber and de-
tected with a single-photon detector. The other photon passed
through a similar filter and was coupled into a single-mode
fiber.
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FIG. 4. Two down-conversion sources (SPDC1, SPDC2) produced the state |ψ〉 ∝ |VtVc′〉 ⊗ (|HaHb′〉 + |VaVb′〉) shared between the
spatial modes t (trigger), a, b′, and c′. Birefringent crystals (Ct, Cs, Cs′ ) were used to compensate temporal and transverse (spatial) walk-off
in the second source. All photons went through interference filters and were coupled into single-mode fibers. Polarization controllers rotated
the polarization of photons in mode c′ to diagonal, |D〉, while maintaining the polarization in mode b′ in its original state. The photons
in modes b′ and c′ were combined on a polarizing beam-splitter. The delay in mode b′ was adjusted for optimum two-photon interference
[34] while the QWP (φ) controlled the phase. Photons in mode b and c were coupled into single-mode fibers and then sent to single photon
detectors, a fourfold coincident event signalled a state of the form |GHZpi〉 = 1√2
(
|HaHbHc〉+ eipi|VaVbVc〉
)
⊗|trigger〉. A QWP could
be inserted and rotated in mode b for further phase adjustments. Polarization analyzers consisting of a HWP, QWP, and a PBS could be inserted
to characterize the quantum state locally.
The pump pulse passed through a half-wave plate (HWP)
followed by compensation crystals (Ct) before pumping the
second SPDC source (SPDC2) made up of a pair of orthog-
onally oriented β-BBO crystals (also 1 mm thick type-I)
used to create photon pairs in a Bell state [25]. The HWP
rotated the pump polarization from horizontal to diagonal
such that each pump photon was equally likely to produce
a down-converted photon pair in either the first or the sec-
ond BBO crystal. Compensation crystals eliminated tempo-
ral distinguishability between photons created in each BBO
crystal and consisted of a 1 mm thick α-BBO crystal and
a 2 mm thick quartz crystal cut for maximum birefringence
(together referred to as Ct in Fig. 4). Spatial walk-off was
compensated in the first arm with a 1 mm thick BiBO (Cs)
and in the second arm with two BiBO crystals (Cs′ ) to-
talling 1.25 mm thickness. These photons were also spec-
trally filtered and coupled into single-mode fibers. The com-
bined state of the four photons at this point was of the form
|VtVc′〉 ⊗ 1√2 (|HaHb′〉+ eiθ|VaVb′〉), with some phase, θ,
between the two terms of the Bell pair.
To produce the GHZ state, the photon in mode b′ was sent
to a polarizing beamsplitter (PBS). The photon in mode c′ was
rotated from vertical to diagonal polarization, passed through
a diagonal polarizer, a HWP for fine-tuning and was sent to the
PBS. The photons in modes b′ and c′ were made to temporally
and spatially overlap at the PBS by adjusting the path length
of mode b′ via a motorized translation stage. In mode c, a
QWP with its fast axis vertically oriented was mounted on a
motorized rotation stage to finely control the phase, φ, of our
state. Additionally, a QWP in mode b could be inserted to
introduce specific phase shifts (0, pi/2, pi, and 3pi/2). A four-
fold coincidence detection in the four outputs a, b, c, and t
indicated the generation of the desired GHZ state
|GHZφ〉 = 1√
2
(|HaHbHc〉+ eiφ|VaVbVc〉) (3)
in modes a, b, and c. With no analyzers in place we directly
measured the singles rates of 576 kHz, 386 kHz, 417 kHz,
and 476 kHz for modes a, b, c, and t respectively, and a four-
fold coincidence rate of 39 Hz.
To completely characterize our state, we performed quan-
tum state tomography immediately following the Mermin in-
equality experiments by inserting polarization analyzers in
each arm, a, b, and c. Our polarization analyzers consisted
of a HWP, followed by a QWP, and finally a PBS as shown in
Fig. 4. The photons transmitted through the PBS were cou-
pled into single-mode fibers and sent to local single-photon
counting modules and coincidence logic with a coincidence
window of 6 ns.
We used the measurement settings |H〉, |V〉, |D〉, |A〉,
|R〉 and |L〉 for each photon, resulting in a total of 216
three-photon polarization measurements. We randomly cy-
7cled through all the measurement settings, counting for 5 s
each, and repeated this procedure 10 times in order to aver-
age out fluctuations in the source. Using this data, we applied
an iterative maximum-likelihood tomography algorithm [33]
to reconstruct the state. The real and imaginary parts of the
density matrix are shown in Fig. 5. The fidelity with the de-
sired state |GHZpi〉, where the phase was set to φ = pi, was
(82.9 ± 0.3)%. The error on the fidelity is estimated using a
Monte Carlo simulation. Note that the phase was adjusted to
different settings using the QWPs during the Mermin inequal-
ity tests. From the reconstructed density matrix we calculate
the highest possible Mermin parameter to be M = 3.08 for
the optimal measurement settings.
a
b
FIG. 5. Quantum state tomography. Real (a) and imaginary (b) parts
of the reconstructed density matrix of our GHZ state as measured
directly in the laboratory. The fidelity of our state at the source with
the desired state |GHZpi〉 was (82.9± 0.3)%.
Free-Space Receiver Configuration
A schematic of the free-space receivers employed at Bob
and Charlie is shown in Fig. 6. Alice used the same setup,
without the initial telescope lenses and interference filter. A
150 mm diameter achromatic lens with a focal length of
400 mm (Optarius 12-7555) together with a second smaller
lens (New Focus 5724-B-H 8.0 20x, diameter 9.9 mm, focal
length 8.0 mm; or New Focus 5725-B-H 11.0 16x, diame-
ter 7.2 mm, focal length 11 mm) collected and collimated
the incoming beam for the polarization analyzer. A 790 nm
bandpass interference filter with bandwidth 10 nm was used
to suppress background. A flip-mounted mirror could be in-
serted along with a polarizer (not shown) to aid in alignment
of the analyzer.
QRNGCPLD
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Diode
PC
GPS
Time-tag
WiFi
to lab
Comp.
FIG. 6. Schematic of the receiver telescope. Incoming light was
focussed and collimated using a 150 mm telescope lens and 10 mm
lens, before passing through a 10 nm interference filter (IF). In the
dashed box, a Pockels’ cell (PC), together with the QWP (γ = 45◦)
and two HWPs (θ = −11.25◦), acted as the identity when a “0”
was received from the QRNG, or as a HWP at 22.5◦ when a “1” was
received. Before the dashed box, when the QWP was set at α =
0◦ measurements were made in the H/V and R/L bases, for QRNG
outputs and 0 and 1, respectively. When α = 45◦, measurements
were made in the R/L and D/A bases.
Each polarization analyzer contained a Pockels cell
(Leysop Ltd, RTP-4-20-AR800-DMP) with a response time
of 10 ns. The Pockels cell (PC) received a “0” or “1” sig-
nal from the QRNG and switched to the negative or posi-
tive of its quarter-wave voltage, respectively. Output from the
QRNG was sampled at 1 MHz and was converted to a series
of pulses using a complex programmable logic device (CPLD)
electronic driver which switched the PC. The crystal in the PC
had its optic axis at 45◦, so that when it received a “0” (“1”)
it acted as a QWP at −45◦ (+45◦). We used a QWP with op-
tic axis at γ = 45◦ directly before the PC so that it could be
operated at its quarter-wave voltage rather than its half-wave
voltage [14], enabling higher-speed switching. To calibrate
the PC, we finely tuned its quarter-wave voltage, tip and tilt of
the crystal, and angles of the QWP and HWPs. We measured
contrasts of approximately 100:1 in each basis.
If the QRNG output was “1”, then the QWP with γ = 45◦
and PC(“1”) acted as a HWP set to 45◦. The HWPs before and
after the QWP-PC combination were both set to θ = −11.25◦
so that together the elements inside the dashed box acted as a
HWP at 22.5◦. A QWP (α) was placed before this arrange-
ment. By setting this QWP to α = 0◦, which we did when
setting the phase of the GHZ state, an incoming photon with
polarization L (R) got mapped to H (V). This QWP was set to
α = 45◦ to test Mermin’s inequality; for this setting, photons
entering the receiver setup with polarization D (A) got mapped
to H (V).
If the QRNG output a “0”, then the QWP with γ = 45◦
and PC(“0”) acted as the identity operation. With the HWPs
included, it still acted as the identity. When the QWP (α) was
set to 0◦, incoming photons of polarization H (V) were un-
8changed. When α = 45◦ the R (L) polarization was mapped
to H (V). The projective measurement was made by a PBS,
after which transmitted and reflected photons were collected
into multi-mode fibers and detected with single photon detec-
tors.
Quantum Random Number Generators
We employed quantum random number generators based
on the random splitting of photons on a beamsplitter [30].
This particular method has the benefit that it provides ran-
dom signals in a very brief time frame and does not intro-
duce additional lag times from the post-processing of data.
Each QRNG contained a green LED, a 50/50 beamsplitter,
two photon counting photomultiplier tubes (PMT, Hamamatsu
H10721P-110), and a flip-flop to hold the random bit. The de-
vice was packaged inside a nuclear instrumentation module.
The LED light passed through a pinhole and was split by
the beamsplitter. Photons from each beam were detected us-
ing a PMT with counting threshold adjusted to output counts
at a rate of 14 MHz. Both detectors were connected to the
electronic flip-flop, such that the “1” detector set the flip-flop
to state 1 and the “0” detector reset the flip-flop to state 0. The
output of the flip-flop was then sampled by external logic at
1 MHz. Fine adjustment of the photomultiplier tube thresh-
olds balanced the number of 0s and 1s to 500 kHz each with
an accuracy of about ±1%.
We directly measured the output of each QRNG before the
1 MHz sampling. From these data, we calculated the auto-
correlation function of each QRNG. Fig. 7 shows a typical
autocorrelation function for one of our QRNGs with an ex-
ponential fit to the data giving a 1/e autocorrelation time of
38 ns. This characterizes the timescale over which the QRNG
output is predictable. To account for this predictability over
short times, we included a QRNG autocorrelation time fac-
tor in our space-time analysis of 200 ns, over 5 times the 1/e
timescale. Furthermore, the sampling rate of the QRNG at
1 MHz or every 1 µs was on a much longer timescale than the
autocorrelation time, thus subsequent output bits are uncorre-
lated.
Internal hardware delays of 33± 3 ns, 34± 3 ns, and 37±
3 ns were measured for the QRNGs at Alice, Bob, and Charlie
respectively by pulsing the light-emitting diode and recording
the time when the flip-flop switched. These measured delays
are incorporated into the space-time analysis.
During the experiment we monitored the performance of
the QRNGs in two ways. First, we measured the relative bias
between ones and zeros in the QRNG output. Second, we
recorded sequences of repeated bits, blocks of 0’s or 1’s with
exactly n length, where we include block lengths from n = 1
to n = 16, for each second of QRNG output. We calculated
the χ2 parameter [36] to quantify how far the output of each
QRNG was from the distribution of block sizes expected from
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FIG. 7. Typical measured autocorrelation data (red points) for our
QRNGs where the measured autocorrelation time was τ = 38.35 ns
as determined by an exponential fit (blue dotted line). For our lo-
cation and timing model, we consider an autocorrelation window of
200 ns, ensuring uncorrelated values at all prior times.
a truly random number generator, which is expressed as
χ2 =
16∑
i=1
(P i0 − P i0,th)2
P i0,th
+
(P i1 − P i1,th)2
P i1,th
. (4)
Here P ik is the measured probability of finding a string of
length i comprised entirely of bit value k in the given QRNG
output; P ik,th is the probability of finding a string of length i
of entirely bit k in a truly random output. The QRNGs were
adjusted to optimize their performance. Over the course of
the experiment Alice, Bob, and Charlie measured average χ2
values of 33.0, 41.1, and 68.1 respectively, assuming equal
probabilities for 0 and 1. We also calculated χ2 values for
each location taking into account the bias of the QRNGs. The
average values of this biased χ2 parameter for Alice, Bob, and
Charlie were 30.5, 34.8, and 48.0 respectively.
The basis selection made at Randy was transmitted to Al-
ice via a free-space RF link. Electronic pulses output from
the QRNG and CPLD logic at Randy were converted from
digital to analog signals using a commercial video electronics
transceiver, and sent to the RAC building using a 2.4 GHz
parabolic antenna. An identical receiving antenna was placed
outside the RAC building, along with a second transceiver to
digitize the signal. A CPLD logic unit at Alice, connected
to the RF receiver via a coaxial cable, sampled the incom-
ing signal at a rate of 80 MHz, and output pulses for the
Pockels cell whenever it detected a change in basis. Finally,
since Alice’s random numbers were generated at Randy, we
recorded the random numbers at both locations in order to
verify the faithful transmission. Over the course of the ex-
periment 4,450,916,576 random bits generated at Randy were
correctly sent to Alice without a single error.
9Electronics and Software
All single-photon detection events were recorded using
time-tagging electronics (156.25 ps precision) with GPS tim-
ing units (Spectrum Instruments TM-4) to provide a 10 MHz
reference signal. A one pulse-per-second (1PPS) signal from
the GPS units was also recorded along with detailed date and
time information via an RS-232 interface in order to aid syn-
chronization and coincidence searching. We simultaneously
recorded time-tags for each QRNG both to monitor their per-
formance and correlate detection events with measurement
settings. With each time-tag saved as a double-precision inte-
ger (64 bits) and measurement result saved as a byte (8 bits),
this produced data files that were approximately 48 GB in size
at each of the four locations over the course of the experiment
detailed in the main text.
To set the phase of the GHZ state and monitor the ex-
periment during data acquisition, measured time-tags were
transmitted over a long-distance wireless network to the com-
puter at RAC. The wireless network supported upload rates of
30 Mbps for each of Bob and Charlie and also allowed remote
operation of their computers from RAC. Custom software cor-
related detection events and measurement settings using time-
tags, then found the two-fold coincidence counts between Al-
ice & Bob and Alice & Charlie and the appropriate offset de-
lays, and then finally the four-fold coincidences including the
trigger detection events.
SPACE-TIME ANALYSIS
Locations and Delays
The locations in the experiment were measured using a GPS
timing unit, integrating signals over about 10 min at each lo-
cation. The coordinates of Bob, Charlie, Randy, the RF re-
ceiver outside the RAC building, and the rooftop dome on
RAC were directly measured. We could not obtain a GPS
signal inside the RAC building, so instead measured the four
corners of the building and calculated the position of Alice and
the Source based on building schematics. Elevations were de-
termined using city and regional data [37]. The coordinates
are shown in Table I. We convert these into 3-dimensional
Cartesian coordinates and use an uncertainty of 5 m in each
dimension for our calculations, based on the manufacturer’s
specifications of the GPS unit.
Our space-time analysis incorporates all delays experienced
by the photons, starting from their creation in the source, until
they are ultimately detected and recorded in the time-tagging
electronics of Alice, Bob, or Charlie. Table II shows the de-
lays for a photon that arrives at each site. For each path,
we measured the path length in the source, labelled Source
Path. In Alice’s case this was the free-space distance from
the down-conversion crystal to the fiber coupler; for Bob and
Charlie’s cases, this included free-space distance from the
down-conversion crystal to the first fiber couplers, the short
Location Lat. (◦ N) Long. (◦ W) El. (m)
Bob 43.477495 80.564536 347.0
Charlie 43.483830 80.560289 355.0
Randy 43.478300 80.549260 349.0
Dome 43.478907 80.555169 356.8
RAC RF receiver 43.478717 80.554490 344.5
RAC SE corner 43.478623 80.554445 341.5
RAC SW corner 43.478516 80.554976 341.5
RAC NW corner 43.478941 80.555278 341.5
RAC NE corner 43.479114 80.554750 341.5
Alice/Source (calc.) 43.478737 80.554759 342.5
TABLE I. GPS coordinates of the various locations relevant to the
experiment.
fibers into and out of the HOM interferometer, and the free-
space distance inside the interferometer to just before the long
fibers to the roof top. We separately measured the optical de-
lay through the long fiber spool for Alice, labelled Delay fiber,
plus a short free-space path before the Pockels cell. We mea-
sured the delay through the long fibers from the lab to the
roof top for Bob and Charlie, labelled Fiber to roof and tele-
scope. This delay includes the telescope itself. Next we cal-
culated the free-space delay based on the measured free-space
distance from the telescope to the Pockels’ cell in each re-
ceiver, labelled Free-space. Finally, we measured the optical
delay from the Pockels cell to the detector, the detector and
electronic delay, estimated (based on cable length and inter-
nal clock frequency) the time needed to enter the time-tagger
memory; this is labelled Measurement.
Alice’s Photon Delays (ns)
Source path 3.39± 0.04
Delay fiber 2875.7± 0.7
Measurement 47.2± 5.1
Total 2926.3± 5.1
Bob’s Photon Delays (ns)
Source path 34.2± 0.9
Fiber to roof and telescope 420.2± 3.0
Free-space 2577.1± 24
Measurement 47.2± 5.1
Total 3078.7± 24
Charlie’s Photon Delays (ns)
Source path 34.2± 0.9
Fiber to roof and telescope 420.5± 3.0
Free-space 2289.6± 24
Measurement 47.2± 5.1
Total 2791.5± 24
TABLE II. Time delays for the space-time analysis.
Our model also requires the times at which the measure-
ment basis choices are made. Because the source, QRNGs,
and receiver logic were not synchronized, this does not occur
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at a specific time relative to the source creation, but rather oc-
curs over some range of times. We thus require the earliest
and latest times at which each basis choice was made at each
location.
A summary of the important times is shown in Table III.
We begin by describing the time of the measurement set-
tings at Bob and Charlie. The time from an LED photon in
the QRNG hitting the beamsplitter to the generation of elec-
tronic output pulses for the Pockels cell is labelled QRNG
logic. These pulses trigger the Pockels cell after the delay
labelled PC. The sampling of the QRNGs were not synchro-
nized to each other, or to the source. To account for this, we
incorporate an additional basis sampling period of 1 µs to the
maximum time before the measurement that the QRNG could
have set the basis; this is labelled QRNG asynchronicity. We
also add an additional autocorrelation factor to this maximum
time labelled QRNG autocorrelation as described earlier to
account for QRNG predictability over short times. The CPLD
electronic driver contained an electronic delay written into its
firmware, labelled Extra programmed delay. Together with
the chosen locations, this programmable delay was used to op-
timize the loophole closure tolerances. Adding these delays
up, we find that Bob’s basis selection occurred at minimum
665±6 ns and at maximum 1865±6 ns before his Pockels cell
was triggered. Similarly, Charlie’s basis selection occurred at
minimum 663 ± 6 ns and at maximum 1863 ± 6 ns before
his cell was triggered. To place these events in the space-time
diagrams in Fig.3, we start from the total photon delay from
Table II and subtract the measurement time; this is the delay
from the source to a Pockels cell. From this we subtract the
maximum total basis selection delay from Table III to find the
earliest time at which the basis was selected, labelled for ex-
ample Bob basis early in Fig. 3. We can subtract instead the
minimum total basis delay to find the latest time, labelled for
example Bob basis late.
The time of the measurement settings for Alice has some
additional contributions as it is made at another location:
Randy. Here, the QRNG logic delay measures the time be-
tween an LED photon hitting the beamsplitter to the genera-
tion of an electronic output pulse which will then be transmit-
ted over the RF link. This is longer than for Bob and Charlie
due to the delay from one extra clock cycle in Randy’s CPLD
electronic driver. The time for an electronic signal to pass over
the free-space RF link, including the transmitting and receiv-
ing electronics, is labelled RF free-space. On the receiving
end of the link, the signal passes from outside RAC to Al-
ice by a Coaxial cable. The signal passes to the RF receiver
logic, a CPLD electronic driver, which samples the signal at
80 MHz and outputs electronic pulses for Alice’s Pockel’s
cell. We account for additional asynchronicity due to this re-
ceiver logic by adding another 12.5 ns to the maximum time
for the basis selection; this is labelled RF receiver logic async.
and delay.
Alice’s Basis Selection Delays (ns)
QRNG autocorrelation 0 (min.)
200 (max.)
QRNG asynchronicity 0 (min.)
1000 (max.)
QRNG logic 72± 4
RF free-space 1840± 24
Coaxial cable 140± 3
RF receiver logic async. and delay 26± 2 (min.)
38.5± 2 (max.)
PC 140± 5
Total 2218± 25 (min.)
3431± 25 (max.)
Bob’s Basis Selection Delays (ns)
QRNG autocorrelation 0 (min.)
200 (max.)
QRNG asynchronicity 0 (min.)
1000 (max.)
QRNG logic 50± 4
Extra programmed delay 475
PC 140± 5
Total 665± 6 (min.)
1865± 6 (max.)
Charlie’s Basis Selection Delays (ns)
QRNG autocorrelation 0 (min.)
200 (max.)
QRNG asynchronicity 0 (min.)
1000 (max.)
QRNG logic 48± 4
Extra programmed delay 475
PC 140± 5
Total 663± 6 (min.)
1863± 6 (max.)
TABLE III. Measurement basis choice delays. Minimum and max-
imum total delays correspond to the earliest and latest times that
events may occur, respectively.
Tolerances for Loophole Closures
We first calculate the minimum temporal separation be-
tween the relevant events which show our closure of the
freedom-of-choice loophole using the values in Tables II and
III, and the distances between experiment locations from Ta-
ble I. Working back from when Bob detects a photon, we cal-
culate his latest possible basis choice correlated to this detec-
tion as:
3078.7 ns (Bob detection)
−47.2 ns (Measurement)
−140 ns (Pockel’s cell)
−475 ns (Extra prog. delay)
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−50 ns (QRNG logic)
= 2366.5 ns. (5)
The time a signal at the speed of light takes to travel from the
photon source to Bob is
800.6 m
0.299792 m/ns
= 2670.5 ns. (6)
Therefore, the tolerance for the freedom-of-choice loophole
closure is 2670.5 ns − 2366.5 ns = 304 ns, shown as a red
arrow in Fig. 3 (b). Thus, a signal carrying information about
the source state generation, travelling at the speed of light, is
304 ns too late to affect Bob’s choice of measurement basis.
Next we calculate the tolerance for the locality loophole
closure. This occurs in the space-time slice containing Randy
and Charlie in Fig. 3 (d). The earliest possible basis choice
from Randy’s QRNG can be worked back from Alice’s detec-
tion event:
2926.3 ns (Alice detection)
−47.2 ns (Measurement)
−3431 ns (Alice’s maximum basis selection delay)
= −551.9 ns. (7)
The earliest basis choice at Randy is 551.9 ns before the
source produces the photons. The time a signal travelling at
the speed of light takes to arrive at Charlie from Randy is
− 551.9 ns + 1081.45 m
0.299792 m/ns
= 3055.4 ns (8)
where the distance between Randy and Charlie (1081.45 m)
can be calculated from Fig. 3 (a). Therefore, the tolerance
for the locality loophole closure is 3055.4 ns − 2791.5 ns =
263.9 ns, as shown in red in Fig. 3 (d).
ADDITIONAL EXPERIMENTAL RESULTS
Main Text Mermin Inequality Results
To support the data shown in the main text, we provide the
raw counts measured in the 1 hr 19 min experiment. These
are shown in Table IV sorted by the 64 different possible mea-
surement combinations. From these results we can extract 8
correlations, four of which were used to calculate Mermin’s
inequality in the main text. The remaining four can also be
used to test Mermin’s inequality keeping the measurement set-
tings the same, such that a, b, and c correspond to R/L and
a′, b′, and c′ toD/A, but writing the inequality in the (equally
valid) form,
M ′ = |E(a′,b′, c′)− E(a,b, c′)−
E(a,b′, c)− E(a′,b, c)| ≤ 2. (9)
We show all 8 correlations in Fig. 8. The four correlations
used in the main text are shown in red and strongly violate
Counts (Alice,Bob,Charlie)
RRR RRL RLR RLL LRR LRL LLR LLL
55 9 18 92 9 53 77 15
RRD RRA RLD RLA LRD LRA LLD LLA
14 49 55 40 32 30 35 60
RDR RDL RAR RAL LDR LDL LAR LAL
21 46 72 43 34 30 23 50
RDD RDA RAD RAA LDD LDA LAD LAA
3 53 68 15 43 9 13 72
DRR DRL DLR DLL ARR ARL ALR ALL
21 39 56 55 37 26 28 59
DRD DRA DLD DLA ARD ARA ALD ALA
3 61 80 15 51 16 14 100
DDR DDL DAR DAL ADR ADL AAR AAL
8 56 69 18 34 8 14 81
DDD DDA DAD DAA ADD ADA AAD AAA
30 28 32 59 16 34 30 56
M M ′
2.7720± 0.0824 0.7746± 0.1108
TABLE IV. The counts for all 64 different measurement possibilities
used to measure the Mermin parameter.
Mermin’s inequality with a Mermin parameter ofM = 2.77±
0.08; the remaining four yield a Mermin parameter M ′ =
0.77± 0.11 and do not show a violation, as expected.
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FIG. 8. The complete set of eight experimentally mea-
sured three-photon correlations E(a,b, c) = 0.6890 ± 0.0400,
E(a,b, c′) = −0.2444±0.0546,E(a,b′, c) = −0.2665±0.0540,
E(a,b′, c′) = −0.7101 ± 0.0424, E(a′,b, c) = −0.1900 ±
0.0538, E(a′,b, c′) = −0.7176 ± 0.0378, E(a′,b′, c) =
−0.6552 ± 0.0444, and E(a′,b′, c′) = 0.0737 ± 0.0591 (see Ta-
ble IV for raw count data). Error bars represent 1 standard deviation
based on Poisson statistics.
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Additional Phases
In addition to the Mermin inequality violation discussed in
the main text, we performed additional tests where the three
phases (φ ∈ {+pi/2,−pi/2, 0} in Eq. 3) for the GHZ state
were prepared. In each case, we measured data for approxi-
mately 30 min. The relevant correlations corresponding to a
Mermin inequality for each state are summarized in Table V.
For all cases we measured a significant violation of Mermin’s
inequality. Note that the measured correlation values change
sign when we change the GHZ state phase from φ = −pi/2 to
φ = pi/2 as expected. When the phase is set to φ = 0, we use
the four correlations comprising M ′ to show a violation.
Experiment I (|GHZ−pi
2
〉)
E(a,b, c) E(a,b′, c′) E(a′,b, c′) E(a′,b′, c)
0.766± 0.053 −0.692± 0.060 −0.656± 0.068 −0.657± 0.065
M
2.770± 0.123
Experiment II (|GHZpi
2
〉)
E(a,b, c) E(a,b′, c′) E(a′,b, c′) E(a′,b′, c)
−0.631± 0.068 0.664± 0.063 0.577± 0.074 0.664± 0.061
M
2.537± 0.134
Experiment III (|GHZ0〉)
E(a,b, c′) E(a,b′, c) E(a′,b, c) E(a′,b′, c′)
−0.603± 0.074 −0.649± 0.063 −0.567± 0.075 0.672± 0.064
M ′
2.490± 0.138
TABLE V. The relevant measured correlations and Mermin parame-
ter for the states |GHZ−pi
2
〉, |GHZpi
2
〉, and |GHZ0〉.
Random to Deterministic Basis Choices
We examined the effect of switching from random ba-
sis choices made with the QRNGs to deterministic, periodic
choices made with function generators on the measured Mer-
min parameter. In each case we integrated measurements for
approximately 15 min. We began with the source set to pro-
duce |GHZ−pi2 〉 states and the QRNGs used to choose the
measurement bases. The appropriate measured correlations
used to calculate Mermin’s inequality are shown in the top
half of Table VI.
Then Alice, Bob, and Charlie used deterministic function
generators, set to output a periodic 500 kHz square wave, to
choose their measurement bases. During the experiment, there
was a problem with Charlie’s PC and data had to be combined
from two shorter successful measurements, resetting the PC
electronics in between. The measured correlations for this
case are shown in the bottom half of Table VI. From these
measurements we see the Mermin’s inequality is violated re-
gardless of whether the switching is random or periodic.
Experiment I (random)
E(a,b, c) E(a,b′, c′) E(a′,b, c′) E(a′,b′, c)
0.667± 0.079 −0.568± 0.096 −0.614± 0.084 −0.674± 0.075
M
2.521± 0.167
Experiment II (deterministic)
E(a,b, c) E(a,b′, c′) E(a′,b, c′) E(a′,b′, c)
0.526± 0.138 −0.765± 0.111 −0.514± 0.141 −0.786± 0.117
M
2.590± 0.255
TABLE VI. Measured Mermin parameters using random and deter-
ministic basis choices.
∗ chris.erven@bristol.ac.uk
† kresch@uwaterloo.ca
[1] Bennett, C. H. & Brassard, G. Quantum cryptography: Public
key distribution and coin tossing. In Proceedings of the IEEE
International Conference on Computers, Systems, and Signal
Processing, 175–179 (Bangalore, India, 1984).
[2] Scarani, V. et al. The security of practical quantum key distri-
bution. Rev. Mod. Phys. 81, 1301–1350 (2009).
[3] Ladd, T. D. et al. Quantum computers. Nature 464, 45–53
(2010).
[4] Nielsen, M. A. & Chuang, I. L. Quantum Computation
and Quantum Information (Cambridge University Press, Cam-
bridge, UK, 2000).
[5] Bell, J. S. On the einstein podolsky and rosen paradox. Physics
1, 195–200 (1964).
[6] Clauser, J. F. et al. Proposed experiment to test local hidden-
variable theories. Phys. Rev. Lett. 23, 880–884 (1969).
[7] Freedman, S. J. & Clauser, J. F. Experimental test of local-
hidden variable theories. Phys. Rev. Lett. 28, 938–941 (1972).
[8] Aspect, A., Grangier, P. & Roger, G. Experimental realiza-
tion of einstein-podolsky-rosen-bohm gedankenexperiment: A
new violation of bell’s inequalities. Phys. Rev. Lett. 49, 91–94
(1982).
[9] Rowe, M. A. et al. Experimental violation of bell’s inequality
with efficient detection. Nature 409, 791–794 (2001).
[10] Giustina, M. et al. Bell violation using entangled photons with-
out the fair sampling assumption. Nature 497, 227–230 (2013).
[11] Christensen, B. G. et al. Detection-loophole-free test of quan-
tum nonlocality, and applications. arXiv:1306.5772 (2013).
[12] Aspect, A., Dalibard, J. & Roger, G. Experimental test of bell’s
inequalities using time-varying analyzers. Phys. Rev. Lett. 49,
1804–1807 (1982).
[13] Weihs, G. et al. Violation of bell’s inequalities under strict ein-
stein locality conditions. Phys. Rev. Lett. 81, 5039–5043 (1998).
[14] Scheidl, T. et al. Violation of local realism with freedom of
choice. PNAS 107, 19708–19713 (2010).
[15] Barreiro, J. et al. Demonstration of genuine multipartite entan-
glement with device-independent witnesses. Nature Physics 9,
559–562 (2013).
[16] Greenberger, D. M., Horne, M. A. & Zeilinger, A. Bell’s Theo-
rem, Quantum Theory, and Conceptions of the Universe, 73–76
13
(Kluwer Academics, Dordrecht, The Netherlands, 1989).
[17] Mermin, N. D. Extreme quantum entanglement in a superpo-
sition of macroscopically distinct states. Phys. Rev. Lett. 65,
1838–1840 (1990).
[18] Pan, J.-W. et al. Multiphoton entanglement and interferometry.
Rev. Mod. Phys. 84, 777–838 (2012).
[19] Hillery, M., Buz˘ek, V. & Berthiaume, A. Quantum secret shar-
ing. Phys. Rev. A 59, 1829–1834 (1999).
[20] Greenberger, D. M. et al. Bell’s theorem without inequalities.
Am. J. Phys. 58, 1131–1143 (1990).
[21] Bell, J. Bertlmann’s socks and the nature of reality. J. Phys.
Colloq. 42, C2.41–C2.62 (1981).
[22] Pearle, P. M. Hidden-variable example based upon data rejec-
tion. Phys. Rev. D 2, 1418–1425 (1970).
[23] Pan, J.-W. et al. Experimental test of quantum nonlocality in
three-photon greenberger-horne-zeilinger entanglement. Na-
ture 403, 515–519 (2000).
[24] Zhao, Z. et al. Experimental violation of local realism by four-
photon greenberger-horne-zeilinger entanglement. Phys. Rev.
Lett. 91, 180401 (2003).
[25] Lavoie, J., Kaltenbaek, R. & Resch, K. J. Experimental viola-
tion of svetlichny’s inequality. New J. Phys. 11, 073051 (2009).
[26] Altepeter, J., Jeffrey, E. & Kwiat, P. Phase-compensated ultra-
bright source of entangled photons. Opt. Exp. 13, 8951–8959
(2005).
[27] Fedrizzi, A. et al. A wavelength-tunable fiber-coupled source
of narrowband entangled photons. Opt. Exp. 15, 15377–15386
(2007).
[28] Hu¨bel, H. et al. Direct generation of photon triplets using cas-
caded photon-pair sources. Nature 466, 601–603 (2010).
[29] Lamas-Linares, A., Howell, J. C. & Bouwmeester, D. Stimu-
lated emission of polarization-entangled photons. Nature 412,
887–890 (2001).
[30] Jennewein, T. et al. A fast and compact quantum random num-
ber generator. Review of Scientific Instruments 71, 1675–1680
(2000).
[31] Gu¨hne, O. & To´th, G. Entanglement detection. Physics Reports
474, 1–75 (2009).
[32] Svetlichny, G. Distinguishing three-body from two-body non-
separability by a bell-type inequality. Phys. Rev. D 35, 3066–
3069 (1987).
[33] Jezˇek, M., Fiura´sˇek, J. & Hradil, Z. Quantum inference of states
and processes. Phys. Rev. A 68, 012305 (2003).
[34] Hong, C. K., Ou, Z. Y. & Mandel, L. Measurement of subpi-
cosecond time intervals between two photons by interference.
Phys. Rev. Lett. 59, 2044–2046 (1987).
[35] Pan, J.-W. et al. Experimental demonstration of four-photon
entanglement and high-fidelity teleportation. Phys. Rev. Lett.
86, 4435–4438 (2001).
[36] Knuth, D. E. The Art of Computer Programming (Addison-
Wesley Publishing Company, Reading, Massachusetts, 1969).
[37] The City of Waterloo Municipal Data, Waterloo Ontario: Wa-
terloo Information Systems (2011); Regional Municipality of
Waterloo Communities, Waterloo Ontario: The Regional Mu-
nicipality of Waterloo (2009).
Acknowledgements: The authors thank Deny Hamel and
Thorald Bergmann for technical discussions; John Dengis and
Catherine Holloway for assistance in the laboratory; Mike
Ditty, Feridun Hamdullahpur, Dennis Huber, Dan Parent,
Rick Zalagenas, Mike Lazaridis, and George Dixon for their
support in gaining access to the roof of RAC; Peter Fulcher for
safety training; Adrian Conrad, AGFA, and Carol Stewart for
allowing access to private property; Bob Zinger, Gerry Doyle,
Dave Copeland, Rick Reger, Bruce Mill, Tom Galloway, and
Zhenwen Wang for carpentry and electronics; Steve Payne at
Leysop Ltd for assistance with Pockels cells; Mark Morelli
at UBNT.ca for technical advice on wireless networks; Ron-
care and UW plant operations for snow plowing, and good
samaritan Matt Seibel for towing. The authors are grateful for
financial support from NSERC, CRC, CFI, Industry Canada,
CIFAR, OCE, and QuantumWorks. RP acknowledges support
from the FWF (J2960-N20), MRI, the VIPS Program of the
Austrian Federal Ministry of Science and Research and the
City of Vienna as well as the European Commission (Marie
Curie, FP7-PEOPLE-2011-IIF).
Author Contributions: CE, RL, GW, TJ, and KJR con-
ceived the experiment; CE, EMS, KF, JL, BLH, ZY, CP, JPB,
RP, LR, and NG constructed the experiment; BLH and LKS
performed the space-time analysis; CE, EMS, KF, JL, CP, and
JPB took the data; CE analyzed the data; All authors con-
tributed to the manuscript.
